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Abstract 



D ■ We present measurements of time-averaged differential conductance G in a single-electron tran- 

"^ ', sistor tuned to the spin 1/2 Kondo regime and demonstrate an anomalous non-monotonic depen- 

j^ I dence of G on frequency, indicating a change in the density of states in the dynamic regime. At 

zero external magnetic field, we vary the frequency and amplitude of bias oscillations and identify 

PJ , a suppression of G when the photon energy hf becomes comparable to the Kondo temperature 

^ O I k^Tx- As the frequency increases above ksTx/h ,as well as for bias oscillation amplitudes larger 

than ksTx/e where e is the electron charge, we find that the G approaches the values expected for 

f — ■ adiabatic behavior and show that these observations agree with available theoretical predictions. 

m , 

^D ! We also report very sharp peaks in the conductance as function of magnetic field which appear 

O 

t;-*^ ' at frequencies / > ksTx/h and are absent at low frequencies. These features are currently not 

ff^ ■ understood. 



PACS numbers: 73.23.-b, 73.23.Hk, 73.63.Rt, 73.43.Fj 



The discovery of the Kondo effectfi"- in a Single-electron transistor-"- has enabled pre- 
cision studies of many-body effects away from equilibrium. The Kondo singlet, formed by 
a spin confined within a conductor and interacting with itinerant electrons, is one of the 
simplest examples of a many body state. In a single-Electron transistor, non-equilibrium 
effects can be studied by applying a bias voltage to macroscopic "leads" coupled by tunnel 
barrier to a small charged island, and precisions comparisons to theory can be performed 
because the confining potential and the coupling to the leads can be controlled electrostati- 
cally. One of the central questions in nonequilibrium Kondo physics is whether the Kondo 
Temperature T^ retains the role of the universal energy scale that it has for the equilibrium 
Kondo phenomena due to a hierarchical and self-consistent renormalisation of the density 
of states near the fermi energy^"-. It has been shown, that, indeed, the Kondo scale remains 
universal when the deviation from equilibrium is small^'-S, and departures from universality 
have been observed in SETs subjected to an external magnetic field above a certain threshold 
in the Zeeman energy^. Furthermore, SETs provide a variable tool for investigations of the 
dynamic Kondo effect, i.e. when the bias voltage, or the confining potential, or both , are 
varying in time^"— . It has been generally suggested theoretically that transport across an 
SET should show deviations from adiabatic behavior at frequencies comparable to the Kondo 
temperature, / ~ kBTx/h, and that universality with respect to the Kondo temperature 
and frequency should be presenip^"— . A recent experiment by Latta et al^ presents evidence 
of universality with respect to the ratio of the photon frequency and the Kondo temperature 
in the absorption spectrum in Kondo-correlated quantum dots. Evidence of non-adiabatic 
Kondo transport in SETs has been found expermentally in two prior studies^'^, including 
the emergence of photon- mediated peaks in the nonlinear conductance^^. Overall, however, 
there is presently a significant disparity between the volume of theoretical work on the 
dynamic Kondo physics^"— li^ and available transport studies. 

In this letter, we focus on the time-averaged conductance, G=d{l)/d'Vds, of the SET in the 
Kondo regime at zero time-averaged bias in presence of a microwave-frequency signal. We 
show that, as the frequency approaches the Kondo temperature, the frequency dependence 
G{f) becomes non-monotonic: The G drops significantly compared to a value that one would 
expect if adiabatic behavior is assumed, and then rises again as the frequency increases past 
kBTx/h. This indicates a transition to a dynamic Kondo regime featuring distinct non- 
adiabatic Kondo behavior in the differential conductance, as the bias frequency is swept past 



kfiTi^/h. To perform a quantitative comparison to theory, we propose a method to cahbrate 
the input microwave power to the device bias oscillation amplitude based on theoretical 
predictions^^. Our findings start with deviations from the adiabatic behavior for frequencies 
below Tk- In two different SETs and in several cooldowns, we find an increasing deviation 
from adiabatic behavior as the frequency approaches ksTx/h. For frequencies above T^, 
the amplitude- and frequency-dependent conductance exhibits low amplitude agreement 
with the dynamic prediction of Kaminski, et alM^. In addition, we report a strongly 
non-monotonic dependence of G on external magnetic field which appears at frequencies 
/ > ksTx/h regime but is absent in the adiabatic regime, and attribute it to dynamic 
Kondo physics that is presently not understood. 

Our SET devices are made from a GaAs/AlGaAs heterostructure via e-beam and pho- 
tolithography techniques. The electron density of the 2DEG is n2D = 4.8 x 10^^ cm~^ and 
the electron mobility is ;U > 5 x 10^ cm^/V, sec, as determined by magnetotransport mea- 
surements at ~4.2K. The effective Lande g-factor is measured via cotunneling measurements 
and found to be 0.207-'^. The differential conductance is measured by standard lock-in am- 
plification techniques with an excitation oscillation of 17 Hz and amplitide of l.dfiVrms- The 
quantum dot is formed by applying negative voltages to the four surface electrodes and the 
bound electron energy is varied by the nearby gate voltage, Vg, shown in the inset of fig. 
[1] (a). First, we tune the SET to an odd occupancy, noted by the emergence of the strong 
zero bias Kondo conductance peak in a Coulomb-blockade valley fianked by Kondo-free val- 
leys. We obtain T^ by fitting the conductance as a function of temperature to the standard 
empirical Kondo scaling function'^, a well established procedure, for multiple values of the 
gate voltage. Then, we fix the gate voltage at the center of the valley, where the Kondo 
temperature is 800 mK for SET 1 and 700 mK for SET 2, corresponding to a frequency scale 
i=kBTx/h ^ 16 GHz. The base electron temperature is 70 mK in our dilution refrigerator. 
Throughout the presented measurements, the zero bias static conductance peak never var- 
ied more than 5% over several months of measurements. A microwave-frequency oscillating 
voltage is supplied by capacitively coupling the microwave signal to the source-drain circuit 
close to the sample mount. The frequencies used have much longer wavelengths than the 
dimensions of the SET and the mean free path of the 2DEG, which we estimate to be 5.8 
/xm^. 

We begin by discussing the low frequency regime. In this case, the slow oscillations 
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FIG. 1: (a) The center of valley bias conductance enhanced by the Kondo effect. INSET: A 
micrograph of the SET gate layout. The lithographic size of the dot is approximately 180 nm, and 
the 2-dimensional electron gas is 85 nm below the heterostructure surface, (b) The conductance 
as a function of the square root power for several frequencies demonstrates a systematic shift 
with frequency due to the frequency-dependent coupling between the microwave feed line and the 
sample, T(f) (see text), (c) The calibration of the T(f) and, therefore, the microwave voltage on 
the sample, achieved by requiring the data at different frequencies match at high amplitudes where 
the adiabatic regime is expected at all frequencies used. 



of the bias permit the correlations to for faster than the rate which the bias changes. In 
a SET, this implies that the time dependent current traces the static I-V behavior. The 
expected conductance is therefore the time average of the static Kondo enhancement due to 
a sinusoidal bias. It can be computed analytically using the measured static nonequilibrium 
conductance, Gociy), as 

1 r^ 



{G) 



TJo 



GDc{Vds + VAcsin{ut))dt, 



(1) 



where uj=27ii and T is the period of the oscillation. In fig. 1 (c), we show conductance 
data for 1 kHz bias oscillations and compare to the predictions of eqn. 1 ising the static 
Kondo enhanced nonlinear conductance data shown in fig. 1(a). The adiabatic prediction 
is easily seen to be valid for these very slow oscillations. The remaining portion of this work 
examines deviations of G from the the adiabatic predictions at frequencies comparable to 

As noted by Elzerman et al.-, quantitative analysis of transport in presence of micorwaves 
is complicated by the frequency dependent coupling between the microwave source and the 
sample . This can seen in fig. 1(b) which shows that we need to span orders of magnitude in 
power to generate comparable conductance suppressions. To develop a calibration technique 



for the bias oscillation amplitude vs supplied power at a given frequency, we first assume 
that the source-sampling coupling has no amplitude dependence for a fixed frequency, i.e. 
that the microwave circuit is linear: V^^^pi^ = T{f)Psource where Pmpnt is power output 
of the microwave generator and T(f) is the unknown, frequency-dependent transmission 
coefficient. Next we point out that it is theoretically predicted by Kaminski et al.^'^ that 
amplitudes sufficiently larger than the photon energy, hf, produce adiabatic behavior and 
eqn. 1 should be valid. Therefore we determine T(f) so that the measured conductances at 
different frequencies agree numerically at larger amplitudes, Y ac > 200/iV. This effectively 
produces a calibration of Vac ) seen in figs 1(b) and 1(c). With this cahbration, a rich 
frequency dependence emerges as the amplitude is varied. 

Fig. 1 (c) shows several frequencies for the first SET used, spanning a broad range. 
We apply frequencies below the T^, 1 kHZ, 140 MHz, 1.1 GHz and 10 GHz, testing the 
adiabatic limit. Fig 1(c) shows the zero bias conductance as a function of amplitude. The 1 
kHz data agrees well with the adiabatic prediction. Surprisingly, the deviation from adiabatic 
predictions can be seen at frequencies as low as 140 MHz and 1.1 GHz, significantly below 
the kBTx/h value. 

As frequencies approach T^^, we find that the deviation from adiabatic behavior increases. 
For an applied 10 GHz signal, the conductance is suppressed at a much smaller Vac than 
both 1.1 GHz and 140 MHz oscillations. We thus find that non-adiabatic behavior begins 
to emerge well below the predicted Kondo timescale and becomes stronger as the frequency 
nears Tk- 

The transition to the non-adiabatic Kondo regime is readily seen by the frequency de- 
pendent sensitivity of the conductance to the oscillation amplitude (fig. 2). For frequencies 
near kBTx/h, the conductance difference, AG in fig. 2(b), is greatest as the amplitude 
approaches Tk signifying strong sensitivity to amplitudes smaller than the photon energy 
and Tk- For a second SET configuration shown in fig. 2 (c), one frequency, f=15 GHz, very 
near to Tk demonstrates very strong deviations from the adiabatic conductance. Fig 2 (d,e) 
shows vertical cross sections of the false color plots in (b,c) for select frequencies near and 
above T^^, clearly showing the strong deviation from the adiabatic prediction. To illustrate 
the effect further, we focus on the bias oscillation amplitude VAc(J,Gr*) that is required to 
produce a certain level of conductance suppression G*, as shown in fig. 2(a). Fig. 3 shows 
three values fo G* chosen as different fractions of the microwaves-free conductance G for 
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FIG. 2: (a) The suppression of the conductance at high frequencies relative to the expected adia- 
batic value, AG. The adiabatic values (dark solid line) are computed from measured static nonlinear 
conductance data via eqn. 1 as explained in the text. The Y ac voltage (in volts) shown corre- 
sponds to the signal level that produces a 10% suppression of the static peak conductance, Gq. 
(b)-(c) AG for two different SETs as a function of frequency and amplitude shows strong deviation 
of the conductance from adiabatic calculation based on eqn. 1 for frequencies near Tk- (d)-(e) 
AG/Go versus amplitude for frequencies below, near and above ksTx/h for both SETs. 



both SETs used in the study. The strong amphtude sensitivity near T^ is found for both 
SETs. 

Next we compare our measurements to the predictions of a renormahzation group (RG) 
calculation by Kaminski et al.— ^^ with our frequency data sets for both SETs. The 
theoryi^ii^ provides the dynamic decoherence rate, ^/r, scaled to the Kondo temperature 
as a function of the amplitude and frequency of oscillations, both written in units of the 
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FIG. 3: Microwave voltage amplitude, Yac (in volts), that produces a certain conductance value 
G* for several choices of G* : (a)-(c) SET 1 and (d)-(f) SET 2. Three representative choices of 
conductance suppression are shown. SET 2 shows the strong amplitude dependence as f~T;^. The 
black dashed lines represent the theoretical prediction for the voltages expected to produce the 
corresponding conductance suppression based on eqn 3 (see text). 



Kondo temperature. 
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rksTK 'ne^/h ksTx hf ln{hf /ksTKY 

The theoretical coefficient Gu depends on the asymmetry between the QD and the two 
electron reservoirs and can be determined experimentally from static Kondo conductance 
at zero bias. For small amplitudes, the predicted conductance is linear with respect to the 
universal scaled decoherence rate: 
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where a is predicted to be of order 1—. We find that the conductance increases with frequency 
in this dynamic regime as predicted by eqn. 3. A quantitative agreement between the 
measured conductance and predicted conductance is found using a=6.2 for SET 1 and a=2 
for SET2, both within reasonable agreement with the predicted a~l value. The predictions 
of theory based on eqn. 3 with these choices of the a parameter are shown as long, dashed 
line in fig. 3. 
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FIG. 4: (a) With microwaves applied, the zero bias conductance increases when small magnetic 
fields are present maximizing at 1.68T. (b) The peak conductance decreases past B = 1.68T. (c) 
Anomalous peak in G(B) a small magnetic field, Bp^ak, shown by vertical dashed line. Bpeafc is 
independent on oscillation amplitude, (d) The peak location is frequency dependent and disappears 
at small frequencies, (e) Bpeafc shifts linearly with frequency for both SETs. 



In the presence of sufficiently large magnetic fields B > Tk, the Kondo peaks emerge at 
a finite bias instead of equilibriunt^'^i""— , as seen in fig. |4] (b), due to the Zeeman splitting of 
the dot energy. It is theoretically predicted that the zero bias Kondo enhancement should 
then reappear when photons supply the energy necessary to fiip the spirt^"^, i.e. when the 
frequency is in resonance with the Zeeman energy. To test this prediction, we have measured 
the zero-bias conductance as a function of magnetic field in the presence of bias oscillations 
for two separate devices. In both set-ups, Tk was tuned to ~1 K. We apphed several 
frequencies ranging between 1 GHz and 35 GHz and different microwave powers. Non- 
monotonic conductance behavior can be seen in fig. 4 (a) and (b). The Kondo enhanced 
peak grows as the B-field is tuned from 0.98 T to 1.68 T and then drops as the B-field is 
increased further to 1.96 T. Thus the zero bias conductance exhibits a sharp peak when 
plotted versus B. We now focus on the dependence of the position of this peak, Bp^ak, on 
microwave power and frequency. 

First, we note that Bpeafc does not shift with microwave power as illustrated by two 
traces in fig. 4(c) taken at different powers. In measurements not shown here for brevity, 



we observed no power dependence of Bpeak spanning a range of powers of at least two 
orders of magnitude. Interestingly, Bpeak is frequency dependent. Fig. 4(d) shows that 
as the frequency increases the peak shifts towards higher values of B. We note that the 
peak is prominent at frequencies larger than ksTx/h (24 and 27 GHz) and is absent at 
frequencies bellow kBTx/h (5 GHz) which indicates that the observed peak is related to 
Kondo dynamics. The peak position's dependence on frequency is shown in fig. 4(e) for 
both SETs. We find that the Zeeman energy at the peak position is approximately l/7th of 
the photon energy for all frequencies in which the peak is observed. 

In conclusion, we have observed non-monotonic conductance dependence on frequency 
and external magnetic field in the presence of bias oscillations for frequencies near ksTx/h. 
With no applied field, we have found that the dynamic Kondo physics affects the SET 
conductance at frequencies significantly below the Kondo temperature. This is a surprising 
new result which was not reported in prior studies^*^ that focused on frequencies comparable 
to or higher than the Kondo temperature. The departure of the conductance from the 
adiabatic predictions is maximized when both hf and cVac are comparable to ksTx- In 
agreement with theoretical predictions^, we further find that the supression becomes smaller 
as the frequency rises above ksTx/h. When the in-plane magnetic field is applied, we 
observe non-monotonic changes of the conductance with B evidenced by sharp peaks at 
field values that show no amplitude sensitivity and shift linearly with frequency. These 
peaks only appear when the excitation frequency is close to the Kondo temperature and 
are not observed at lower frequencies, which suggest that these are related to dynamic 
Kondo physics. Surprisingly, the corresponding Zeeman energies, A^, are very small: we 
find A^ = l/7hf which disagrees quantitatively with the predicted^? A^ = hf relationship. 
The origin of these peaks is presently not understood, and we hope that these observations 
will invite further theoretical studies of the dynamic transport in Kondo-correlated systems. 
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